Calcium-based bulk glassy alloys in Ca-Mg-Ag and Ca-Mg-Ag-Cu systems were produced by a metallic mold casting method. The maximum rod diameter (d max ) for the formation of a glassy phase was 4 mm for Ca 60 Mg 20 Ag 20 and 7 mm for Ca 60 Mg 20 Ag 10 Cu 10 . The glass transition temperature (T g ), crystallization temperature (T x ), temperature interval of supercooled liquid region (∆T x = T x − T g ) and melting temperature (T m ) were 401 K, 435 K, 35 K and 654 K, respectively, for the former alloy and 398 K, 428 K, 30 K and 624 K, respectively, for the latter alloy. The simultaneous addition of Ag and Cu in the Ca-Mg-(Ag, Cu) system causes a steep decrease in T m and an increase in the reduced glass transition temperature (T g /T m ), leading to an increase in the glass-forming ability.
Introduction
Since the findings of a series of glassy type alloys with a large supercooled liquid region before crystallization and high glass-forming ability in Mg, 1) Ln 2) and Zr 3) -based alloy systems for several years between 1988 and 1990, much attention has been devoted to the development of a new bulk glassy alloy because of novelties of basic science and engineering applications. For the last decade, a number of bulk glassy alloys were developed in the order of the other Zr-based, 4, 5) Ti-, 6) Fe-, 7) Pd-Cu-, 8) Co-, Ni- 9) and Cu- 10) based systems. More recently, we have found the formation of Ca-based bulk glassy alloys in Ca-Mg-Cu system. 11) These bulk glassy alloy systems can be classified into two groups of transition metaland simple metal types. Although most of studies on bulk glassy alloys have been focused on transition metal-based systems, it is important to examine structure, glass-forming ability and fundamental properties of the simple metal-based glassy alloys as exemplified for Mg-and Ca-based systems, in comparison with the transition metal-based bulk glassy alloys. In the subsequent search for a new simple metal-based glassy alloy, Ca-based bulk glassy alloys with diameters up to 7 mm were found to be formed in Ca-Mg-Ag-Cu system. Judging from the previous data that Mg-Ni-based glassy alloys exhibit unique hydrogen absorption behavior, 12) the Cabased glassy alloys are also expected to develop as candidate alloys for hydrogen absorption materials. In addition, the formation of bulk glassy alloys with diameters above 7 mm has been limited to Pd-Cu-Ni-P, 8) Zr-Al-Ni-Cu, 4) Zr-TiNi-Cu-Be, 5) Mg-Y-Cu-Ag 13) and Mg-Y-Cu-Ag-Pd 14) base systems. Consequently, it is strongly desired to clarify the origin for high glass-forming ability of the new Ca-based alloys. This paper intends to present the composition ranges in which bulk glassy alloys are formed in Ca-Mg-Ag and Ca-Mg-AgCu systems by copper mold casting, and thermal stability of the bulk glassy alloys and to discuss the reason for effectiveness of the simultaneous addition of Ag and Cu elements.
Experimental Procedure
Alloy ingots with composition Ca 100−x−y Mg x (Cu, Ag) y were prepared by induction melting mixtures of pure Ca, Mg, Cu and Ag metals in a boron nitride crucible in an argon atmosphere. The alloy compositions represent nominal atomic percentages. Cylindrical bulk alloys with a length of 55 mm and different diameters up to 9 mm were prepared by the copper mold casting method. Ribbon samples with a cross section of 0.02 × 1 mm 2 were also prepared by the melt spinning method. Glassy structure was identified by X-ray diffraction, and thermal stability associated with glass transition, supercooled liquid, crystallization and melting temperatures were examined by differential scanning calorimetry (DSC) using aluminum or pressure-proof stainless pan at a heating rate of 0.67 K/s. Mechanical properties of cast bulk alloys were measured with a Vickers hardness tester under a load of 50 g.
Results
Glassy alloy ribbons were formed in a wide composition range of 0 to 50 at%Mg in the alloy series of Ca 80−x Mg x Ag 20 . ribbon. The rods with diameters below 4 mm have only a broad diffraction peak and no diffraction peak corresponding to a crystalline phase is seen. However, one can see some diffraction peaks due to a crystalline phase in the rods with larger diameters of 5 and 6 mm. This result indicates that the critical diameter for formation of a single glassy phase is in the range between 4 and 5 mm. The DSC curves of the glassy Ca 60 Mg 20 Ag 20 rods with different diameters of 2, 3 and 4 mm are shown in Fig. 4 , where the result of the melt-spun glassy ribbon is also presented. The T g and T x of the rod samples are 401 and 435 K, respectively, being independent of diameter of the rods. Furthermore, there is no appreciable difference in the T g and T x values between the cast and melt-spun samples. The heat of crystallization (∆H x ) for the first exothermic peak was measured to be 1.8 to 1.9 kJ/mol for the rods of 2 to 4 mm in diameter and 1.8 kJ/mol for the ribbon, being nearly the same among the three samples. It is thus concluded that the sequent transition behavior of glass transition, supercooled liquid and crystallization is independent of the preparation condition. However, there is an appreciable difference in the DSC curves at the temperatures below T g between the cast and melt-spun samples, as shown in Fig. 4 . That is, the heat of irreversible structural relaxation is different from each other because of a significant difference in cooling rates.
We further examined the replacement effect of Ag by 10 at%Cu on the glass-forming ability of the Ca 60 Mg 20 Ag 20 alloy. Figure 5 shows the X-ray diffraction patterns of the cast bulk Ca 60 Mg 20 Ag 10 Cu 10 alloy rods with diameters of 4 to 9 mm. Only broad peaks are seen for all the samples, indicating that the maximum rod diameter for formation of the glassy phase increases 4 to 7 mm. Figure 6 shows the outer surface morphology of the as-cast Ca 60 Mg 20 Ag 10 Cu 10 glassy alloy rods with different diameters of 4, 5, 6 and 7 mm. These rod samples have a very smooth outer surface combined with good metallic luster. Neither concave nor cavity is seen even for the 7 mm diameter sample. The Vickers hardness is about 180, and there is no significant difference in the hardness number between the inner and outer layers. These identified results indicate that the Ca-based bulk glassy alloys have high glass-forming ability as well as good casting ability in the copper mold casting process. Figure 7 shows the DSC curves of the cast Ca 60 Mg 20 Ag 10 Cu 10 alloy rods with different diameters of 4 to 7 mm, together with the data for the meltspun alloy ribbon. The T g and T x of the bulk samples are 398 and 428 K, respectively, being independent of diameter of the rods. Furthermore, there is no appreciable difference in the T g and T x values between the cast and melt-spun samples. The heat of crystallization (∆H x ) for the first exothermic peak was 1.9 to 2.0 kJ/mol for the rods of 4 to 7 mm in diameter and 2.0 kJ/mol for the ribbon. 
Discussion
It is shown that the critical diameter of the Ca 60 Mg 20 Ag 10 -Cu 10 quaternary glassy alloy is as large as 7 mm and the high glass-forming ability is due to the decrease in T m and the increase in the reduced glass transition temperature (T g /T m ). The eutectic temperature is 743 K for Ca-Ag system, 755 K for Ca-Cu system and 878 K for Ca-Ni system. 15) The previous data show that the maximum rod diameter for the formation of the glassy phase and T m are above 4 mm and 635 K for Ca 57 Mg 19 Cu 24 , 11) and 2 mm and 672 K for Ca 60 Mg 25 Ni 15 alloy and no decrease in T m by the addition of Ni is recognized. There is a clear tendency for the critical diameter to increase with decreasing T m . A higher glass-forming ability may be obtained for a more multi-component alloy with a lower T m .
Here, we discuss the reason why the Ca-Mg-(Ag, Cu) alloy has the high stability of liquid against crystallization as is evidenced from the large ∆T x , low T m and high T g /T m . It is recognized that the Ca-Mg-(Ag, Cu) system satisfies the empirical composition rule [16] [17] [18] for the formation of bulk glassy alloys and for the stabilization of supercooled liquid. That is, the alloys have the following compositional features; (1) multicomponent consisting of more than three elements, (2) significantly different atomic size mismatches above 12% among the three elements, and (3) suitable negative heats of mixing among their elements. But, the atomic size ratio is 1.23 for Ca/Mg, 1.11 for Mg/Ag and 1.25 for Mg/Cu.
19) The Ca-MgAg system does not perfectly satisfy the component rule. By adding Cu element to Ca-Mg-Ag system, the rule is perfectly satisfied. As a result, the Ca-Mg-Ag-Cu alloy seems to be more favorable for the formation of a stabilized supercooled liquid with a higher degree of dense random packed structure and more homogeneously mixed atomic configurations.
Conclusions
It was found that bulk glassy Ca 60 Mg 20 Ag 10 Cu 10 alloy rods were produced in a wide diameter range up to 7 mm by copper mold casting. The bulk glassy alloy rods have good luster on the outer surface and neither holes nor cavities are seen. The glass transition was observed for the alloys of Ca 80−x Mg x Ag 20 (x = 10-30 at%) examined in the present study. The Ca 60 Mg 20 Ag 20 glassy alloy with T g /T m of 0.62 has a maximum diameter of 4 mm. The partial replacement of Ag by 10 at%Cu causes an increase in T g /T m to 0.64 and the maximum diameter to 7 mm. The T g , T x and ∆H x values of the Ca 60 Mg 20 Ag 10 Cu 10 bulk glassy alloy rods are 398 K, 428 K and 1.9 kJ/mol, respectively, being independent of sample diameter. The synthesis of the new Ca-based bulk glassy alloys with high T g /T m , low T m and high glass-forming ability is promising for the future development as bulk glassy alloys with unique chemical properties.
